The article focuses on studying the fish cutting process and modeling forces of harmful resistance. The fish muscular tissue rheological properties are described by a Maxwell-Thomson model. The conditions of constrained compression of the material across the width and the absence of constrained compression in the direction of movement of the knife are accepted. On the basis of the energy approach, the profile resistance force of the double-edged knife has been interpreted as deformational force of the friction at the macroscopic scale level, provided that the surface of the faces is smooth. The mathematical models for dimensional and dimensionless profile resistance forces of the knife without side edges have been developed. The dependence of the dimensional force on the sharpening angles, knife thickness, rheological properties and cutting speed has been established. The dependence of the dimensionless force on the dimensionless cutting speed and measure of the muscle tissue elasticity has been shown. The profile resistance forces of flat-back knife and double-edged knives have been analyzed. With sharpening angle of back edges = 5°; 10°; 20°; 50°, force maximums are 0.317; 0.306; 0.288; 0.274, respectively. When the values of instantaneous modulus of elasticity 1.5·10 5 ; 2.0·10 5 ; 2.5·10 5 ; 3.0·10 5 N/m 2 , the maximums of the specified force are 0.310; 0.411; 0.513; 0.614 N, respectively. With the values of elasticity = 4; 7; 11; 15, dimensionless force maximums of flat-back knife are 1.959; 3.166; 4.774; 6.381 and without side edges -1.193; 1.864; 2.764; 3.663, respectively. For citation: Ageev O. V., Naumov V. A., Fatykhov Yu. A. Mathematical simulation of knife profile resistance force during fish cutting.
Introduction
Ensuring resource saving when cutting fish provides for a thorough analysis of the resistance forces. Reduction of harmful resistance force involves the reduction of its components -the profile resistance forces and the friction force.
Mathematical modeling of the food cutting process is a relevant scientific direction and attracts the attention of researchers. An experimental relationship between the resistance force of the fibrous material destruction and the motion speed of the knife has been established [1] . The effect of the blade sharpening angle on the parameters of this process was analyzed [2] . The regularities of high-speed processing of viscoelastic materials in a wide range of speeds: from 0.001 m /s to 10 m /s, have been studied [3, 4] . Finite element modeling of the viscoelastic product destruction has been performed [5] . An approach to determine the optimal geometry of a knife by minimizing the normal component of the resulting resistance (maximizing "sliding" cutting) has been developed [6, 7] .
However, currently there is no analytical description of the harmful resistance forces acting on the working tool when cutting fish. At the same time, to optimize the geometry of the knife according by the criterion of minimum resistance, mathematical modeling of the forces acting on its faces is required.
Material
The choice of rheological models of fish muscle tissue has been substantiated. Differential equations of models with their solutions for three different loading conditions have been considered. The results of experimental tests of muscular tissue of scab, mackerel, Atlantic sardinella for direct creep, relaxation and reverse creep are presented. It has been established that the muscle tissue of the fish before destruction shows a limited flow under load, relaxes under constant load to an equilibrium state, and is fully restored at full unloading. It is shown that the results of the experimental tests approximately correspond to the three-element Maxwell -Thomson rheological model.
Methods
The purpose of mathematical modeling is to determine the profile resistance force that occurs when cutting fish with a two-edged knife without side edges.
According to modern concepts of tribology, the profile resistance force is interpreted as the deformation friction force at the macroscopic scale level [8] ; Popov, 2017 [9] . At this level, it is necessary to solve the problem of determining the sliding friction force of the stamp (knife as a completely solid smooth body) on the deformable viscoelastic material (cut muscle tissue of the fish). In this case, the roughness of the knife surface is not taken into account, since the macrogeometry of the profile of the cutting working tool is the determining factor.
The task of finding the deformation force of friction when sliding a knife on a viscoelastic material at the macroscopic level (the profile resistance force) is advisable to solve on the basis of an energy approach [10, 11] . This approach is more general and is based on the determination of energy losses due to the viscoelastic deformation of the material. The energy approach is valid for a stamp of arbitrary shape, which allows it to be applied to knives with different profiles.
Mathematical simulation
According to the energy approach, when the stamp slides, the energy dissipation in a viscoelastic material occurs due to viscous friction in the Kelvin-Voigt element damper of the Maxwell-Thomson model. The deformation friction force of the stamp when sliding on a viscoelastic base is determined as follows:
where p(y) − the normal contact pressure on the stamp from the material; g(y) − the function that determines the stamp geometry (the shape of the knife profile); g‫(׳‬y) − derivative of the specified function; a, b − coordinates along the axis (0, y) of the extreme points of the arbitrary shape stamp. The function g(y) determines the difference between the coordinates of the point of the stamp profile with the coordinate y and the profile point with zero coordinate, so that g(0) = 0.
Consider the movement in the fish muscle tissue of an elementary knife, shown in Fig. 1 . The center of the moving Cartesian coordinate system Oxy is at a point. In a quasistatic setting, we believe that at any time the knife is in a state of equilibrium. When cutting, the blade performs a rectilinear uniform motion in the material. The material is in conditions of constrained compression along the axis Ox, and the cutting is carried out without compressing the material in the direction of knife movement along the axis Oy (the height of the material sample is much larger than its width). In Fig 
The right half of a two-edging (double-edged) knife ( Fig. 1) . Thus, in expres-
In this regard, the profile resistance force of a two-edging knife according to (1) is determined by the following expression: (2) as the sum of the integrals. Then, taking into account the boundary conditions, the expression (2) has the following form:
The profile shape of the two-edging knife without side edges determines the type of functions [12, 13] . We use the formula of Newton -Leibniz and get the expression for the profile resistance force of a two-edging knife without side edges: 
. Then taking into account
, tgβ tgα αβ = t the expression for the dimensionless profile resistance force of a two-edging knife has the following form:
( ) Fig. 2-6 show the simulation results of the profile resistance force of a two-edging knife without side edges. The force F 1 corresponds to a knife with a straight butt, 1 F − a knife with side edges, 1 F ( − a knife without side edges. 
Results
1 − F 1 ; 2 − 1 F ; 3 − 1 F ( ; b -dependence of dimensionless forces on elasticity measure ( 3 = L ; 10 = v ; 8 . 0 αβ = t ): 1 − 1 F ; 2 − 1 F ; 3 − 1 F (
Discussion of results
To reduce energy costs for cutting it is necessary to strive to reduce the resistance forces. In this regard, let us analyze the influence of various parameters on the dimensional and dimensionless profile resistance forces of a two-edged (double-edged) knife without side edges (Fig. 1 ). In this case, the process of reverse creep of the material proceeds without intermediate stress relaxation with constant deformation of the muscle tissue. Fig. 2 shows that with a monotonous increase in the elastic properties of the material, the maximum force increases significantly and is achieved at very low cutting speeds. With a further increase in cutting speed with increased stiffness of muscle tissue, the profile resistance force of the knife decreases. Fig. 3 shows that in the absence of the knife side faces, the influence on the indicated force of the sharpening angle of the back inclined edges is essential. With an increase in the specified angle of sharpening at low cutting speeds, the force maximum decreases, and at high speeds, the force also decreases. At angles of sharpening 5°; 10°; 20°; 50° the maximums of the considered force are 0.317; 0.306; 0.288; 0.274 N, respectively. Fig. 4 shows that the absence of stress relaxation with a constant deformation of the material by the side faces leads to a significant decrease in the dimensionless profile resistance force, ceteris paribus. With the values of the elasticity measure 4; 7; 11; 15 the maximums of the dimensionless force profile resistance force of the knife with the side faces are 1.959; 3.166; 4.774; 6.381, without side faces -1.193; 1.864; 2.764; 3.663, respectively. In general, Fig. 2-4 show that as the cutting speed increases, the force tends asymptotically to zero. Fig. 5, 6 illustrate that the greatest profile resistance force occurs in the case of cutting fish with a straight butt knife, and the smallest force corresponds to a two-edging knife without side edges, which, with accepted assumptions, is the most effective tool.
The dependences of dimensional and dimensionless forces on the elastic modulus, elasticity measures and coefficient of dynamic viscosity of a material are monotonic. When the values of the instantaneous modulus of elasticity 3·10 5 N/m 2 ; lagging modulus of elasticity 0.8·10 5 N/m 2 ; coefficient of dynamic viscosity 1.5·10 7 N·s/m 2 ; the half angle of sharpening the front inclined edges and the half thickness of the knife is 3 mm; then the limit of the profile resistance force of the knife with a straight butt is 1.345 N; the maxima of the resistance forces of the knife with and without side edges are 1.025 N and 0.646 N, respectively. When the measure of material elasticity is 3.75 and the ratio of tangent angles of sharpening is 0.8, the limit of the dimensionless profile resistance force of the knife with a straight butt is 2.367, the maxima of the dimensionless profile resistance force of knives with and without side edges are 1.804 and 1.136, respectively.
With increasing material viscosity, the profile resistance force of the knife with a straight butt increases and asymptotically tends to the limit value, while the profile resistance forces of the two- edged knives decrease and asymptotically tend to zero. At the same time from Fig. 4-6 , we see that the minimum dimensional force occures when cutting fish with a knife without side edges. With an increase in the measure of material elasticity, the smallest dimensionless force also corresponds to the specified two-edged knife.
